Abstract: Hydroxide-catalysis bonding is a high precision jointing technique producing strong, transparent and thin bonds, the use of which in the delicate fused silica mirror suspensions of aLIGO have been instrumental in the first detections of gravitational radiation. More sensitive future gravitational wave detectors will require more accurate (ideally in situ) measurements of properties such as bond thickness. Here a non-destructive technique is presented in which the thickness and refractive index of a bond are determined from measurements of optical reflectivity. The reflectivity of a bond made between two fused silica discs using sodium silicate solution is less than 1⋅10 −3 after 3 months. The thickness decreases to a constant value of around 140 nm at its minimum and the refractive index increases from 1.36 to 1.45. This proves that as well as determination of bond thickness in situ this bonding technique is highly interesting for optical applications. 1377-1387 (2002). 11. D.-H. Gwo, "Ultra-precision bonding for cryogenic fused-silica optics," Proc. SPIE 3435, 136-142 (1998) Reid, and S. Rowan, "Strength testing and SEM imaging of hydroxide-catalysis bonds between silicon," Class.
Introduction
In this paper a non-destructive technique for determining the refractive index and thickness of hydroxide-catalysis bonds from reflectivity measurements is reported. This technique strikes two birds with one stone: 1) it will be invaluable for enabling us to tailor the optical properties of hydroxidecatalysis bonds for optical applications such as fabrication of high power laser crystals assembled using hydroxide-catalysis bonding [1] and optical fibre injection components [2] , in which low reflectivity is required;
2) it could give in situ measurements of bond thickness in the mirror suspensions of ground-based gravitional wave detectors to more accurately predict the thermal noise from these bonds in these suspensions [3] . Jointing materials is inevitable in the realization of many high performance devices. There is an ever increasing demand, both from industry and academic research, for reliable, easy, inexpensive techniques for precisely jointing components where the bonds possess high strength with the required levels of reflection and absorption amongst other properties [4] .
Hydroxide-catalysis bonding is such a technique which has been instrumental in the assembly of opto-mechanical parts of the recently extremely successful aLIGO gravitational wave detectors (in the extremely low thermal noise mirror suspensions [5] ) which recently made the first two direct detections of gravitational waves both caused by two black holes merging [6, 7] ; as well as the ultrastable interferometer readout system [8] of the successful LISA Pathfinder mission of which results were also reported recently [9] . Besides these applications this technique had already been pioneered in the extremely low thermal noise mirror suspensions of the GEO600 [10] gravitational wave detector and in the star tracker telescope of the Gravity Probe B mission which operated in vacuum at 2.5 K [11] .
This technique has however only really been applied in a mechanical sense, not in an optical sense, though these bonds are transparent to the eye and could therefore be interesting for applications in which a thin optically transparent and mechanically strong joint between optical components is required and other techniques (e.g. optical contacting [12, 13] , epoxy bonding [14] , frit bonding [15, 16] and direct bonding [13, 17] ) may not be ideal.
Initial research and development has started for the use of hydroxide-catalysis bonding in laser systems [18] . In this paper, first measurements of the reflectivity of a hydroxidecatalysis bonds between silica substrates (using sodium silicate solution) were presented giving a value less than 7.08·10 −4 at normal incidence: these bonds were resistant to 70 J/cm 2 of laser power for 25 ns pulses at a wavelength of 1064 nm. These first results make this technique highly attractive for further development of optical applications, such as fabrication of high power laser crystals assembled using hydroxide-catalysis bonding [1] and optical fibre injection components [2] . In this paper the method of taking reflectivity measurements and then extracting the information on the bond thickness and refractive index from hydroxide-catalysis bonds is explained as well as a demonstration of the technique through measurements of reflectivity of a hydroxide-catalysis bond between two silica windows as a function of curing time.
What is hydroxide-catalysis bonding?
Hydroxide-catalysis or 'silicate' bonding is a jointing technique that was patented by Gwo [19, 20] at Stanford University and used in the construction of an all-fused-silica star tracking telescope for the Gravity Probe B satellite-based mission [11] . An aqueous hydroxide solution (typically containing sodium or potassium hydroxide) is placed between two surfaces, which initiates a chemical reaction with polymer-like chains being formed (siloxane chains in the case of a silica based substrate), jointing the two surfaces together. The by-product of the process is water which slowly migrates out of the bond. Destructive strength tests on silica samples have shown that the bond strength increases with curing time and after approximately four weeks it reaches a maximum value [21] : after only a few hours from the start of the jointing process the bond has sufficient strength to allow the bonded sample to be handled [20] [21] [22] [23] . More details on the chemistry can be found in [19, 20] . The materials can be jointed at room temperature, realising extremely thin [20, [24] [25] [26] , low mechanical loss [3, 23, 24] and high strength bonds [20, [25] [26] [27] [28] [29] [30] with high precision alignment [8, 11] .
It is possible to use this technique to bond other materials provided that a silicate-like network can be formed between surfaces to be jointed. This is the case for most oxide and oxidisable materials, such as for example fused silica [11, 20] , silicon [25, 26, 28] , silicon carbide [29, 31, 32] and sapphire [24, 28, 30] .
Method to determine refractive index and thickness of a bond from optical reflectivity measurements

Optical set-up
The optical assembly (Fig. 1 ) was composed of a green laser diode module (λ = 532 nm, maximum output power </~1 mW, 1/e 2 diameter of 0.9 mm with a divergence of ~0.2 mrad); a half wave plate together with a polarizing beamsplitter cube to fix the polarisation of the laser light; another half wave plate to allow selection of the perpendicular ( ⊥ ) and parallel (║) polarisations of the incident light; a glass plate to allow a small fraction of the light to be sent to photodiode 1 (2.75 x 2.75 mm sensitive area) to monitor any fluctuations in intensity of the probe beam; the sample on a rotation mount from which the light can be reflected at a range of angles of incidence and photodiode 2 to measure the intensity of the reflected beam. The photodiode 2 (∅ 2.5 mm sensitive area) and pinhole were rotated together around the sample on a square gridded breadboard, making sure the beam was at normal angle of incidence to the photodiode surface and (as much as possible) at constant distance from the sample at all angles measured (though this was not critical due to the low beam divergence). When the laser beam is incident on the sample, three reflected spots are produced due to the light reflected at the front, bonded and back surfaces of the bonded sample: the pinholes (4 mm diameter) aid with alignment, minimizes stray light and allows separation of the beam spot from the bonded interface from the other reflected beams.
The power of the incident and reflected laser beams were measured by means of respective photodiodes for a range of angles of incidence α. The angle of incidence was varied by rotating the sample on a rotation stage (Fig. 1) . These measurements were carried out for the ⊥ and ║ polarisations of the laser beam. From the ratio between the reflected and incident powers output V and input V (measured in Volts using the photodiodes with a current to voltage amplifier circuit), reflectances for ⊥ and ║ polarized light, R ⊥ and R ║ respectively, can be determined:
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Measurements on both photodiodes were always taken simultaneously to cancel out any errors caused by fluctuations of laser power in the reflectance As the power of light incident on photodiode 1 is not the power of light actually incident on the sample, measurements were performed in advance to determine the conversion factor k at both ⊥ and ║ polarisation, so that
. This was determined for a range of light power levels and several different days and it was found that 4.92 0.02 k ⊥ = ± and || 56.11 1.10 k = ± .
Optical model
In order to obtain the refractive index and thickness of a hydroxide-catalysis bond from the measurements of reflectance, the experimental data has to be compared with that obtained from a theoretical model. The model is based on the arrangement shown in Fig. 2 and assumes the substrates and bond material are isotropic media.
The amplitude of the reflection and transmission coefficients, r and t, for each boundary between media of different refractive index are shown. For example, r 01 is the fraction of the amplitude of the incident light reflected at the interface between the medium with refractive index n 0 and that with refractive index n 1 .
In this model the effects of thin film interference are also included and the following relationships for reflectances for the ⊥ and ║ polarisation components of the incident light can be deduced for the bond layer [33] 
and δ 2 , which considers the change in phase of the beam on traversing the film, is: (2)- (5), obtained for the reflectances of the bond, are functions of the angle of incidence, the refractive indices of the various media, thickness of the bond layer and wavelength of the light source used. The angle of incidence is varied during the measurements (independent variable), the refractive indices of the air and the fused silica substrate are known (see details in the subsection 4.3), as well as the wavelength of laser (λ = 532 nm). As the refractive index and thickness of the bond are not known, it is necessary to define a method to find them.
Analysis: Bayesian likelihood
A Bayesian likelihood analysis code was written in Matlab, based on the least squares method [30] to find the refractive index and thickness of the bond.
For a grid of n 2 and d 2 possible combinations, the theoretical reflectances R ⊥ and R ║ (Eq. (2)) are calculated and are then compared to the experimental reflectances (for a specific curing time) obtained by means of the setup.
If a Gaussian distribution of probability is assumed, the total normalized probability is given by [34] : χ χ ⊥ + ║ . If n 2 , d 2 and P are plotted on the x-axis, y-axis and z-axis respectively, a volume of probability is obtained. This volume can be intersected by planes of reliability, obtaining three confidence levels at 1σ, 2σ and 3σ, which correspond, respectively, to probabilities of 68%, 95% and 99%. ) mm, respectively. The flatness of the bonding surfaces of these windows was measured using a ZYGO GPI XP/D laser interferometer: it was found that the bonding surfaces had a flatness of 120 and 160 nm peak-to-valley respectively. Since the orientation of the two samples that were bonded was noted, it was possible to sum their maps and thus give the minimum relative separation between the bonding surfaces of two discs assuming physical contact in just three locations. This is shown in Fig. 3 . Letters L, C and R indicate the locations at which later the reflectances were measured. Prior to bonding, the two discs were cleaned to ensure that no particles or films were present on the surfaces to be bonded: a regime involving cerium oxide and de-ionised (DI) water paste, bicarbonate of soda and DI water paste and methanol (details of this technique are discussed in [29, 35] ). The discs were bonded (Fig. 4) using sodium silicate solution. Sodium silicate solution was chosen to allow a direct comparison of the reflectivity, refractive index and thickness of a bond reported in this paper to studies of bond properties performed in other research [3, 20, 24, 27] .
The bonding solution was made by diluting 2 ml of sodium silicate solution (SigmaAldrich Co. LLC.) with 12 ml of de-ionised water (a volumetric ratio of 1:6) and 15.7 μl (0.8 μl/cm 2 as used in aLIGO) of solution was pipetted onto one of the discs and the other disc was placed on top. The samples bond within a few minutes (etching and polymerisation stage), but curing (dehydration stage) in air at room temperature takes 4 weeks to reach full strength.
Reflectivity measurements
The reflectances of this sample were measured for three different positions on the front surface (locations 'L', 'C' and 'R' in Fig. 4) at a number of different time intervals after bonding. In this way the effect of curing time on the refractive index and thickness of bond could be studied, as well as the spatial homogeneity of these properties. Plots of measured reflectivity for both polarisations and all three positions as a function of angle of incidence (α) are shown in For both polarisations and for the three locations on the surface, it is observed that the values of bond reflectances are all less than 1%.
Initially the reflectance values fluctuate. During this phase, the reflectivity values do not follow a well-defined trend over the curing time. For the data taken at the positions marked 'L' and 'R' on the sample, this 'adjustment' phase lasts up to the 14th day, whereas for the position 'C', it is observed up to 11th day (look at the dark blue, red and green data points in Figs. 5, 6 and 7). After this period, the reflectivity steadily starts to drop as curing time increases. This implies that the centre settled before the areas near edges. After about three months, the reflectivity values are less than 0.1% for all locations and angles of incidence.
The different magnitude of reflectivity found between the three positions 'L', 'C' and 'R' can be influenced by the surface profile of the bonded interfaces. As discussed previously, the bonding surfaces of discs are not uniformly flat and it is therefore likely the bond thickness varies with location.
In Figs. 5, 6 and 7, the error bars for the measured angles of incidence and reflectances are also shown.
The principal source of error for the angle of incidence α is a random error introduced during initial alignment of the set-up for each measurement day, equal to ± 0.2°. The error in the reflectances measured is determined by the formula of propagation of uncertainty (Eq. (7)):
where the correlation coefficient between V output and V input was considered equal to zero for both ⊥ and ║ polarisation. The error is calculated separately for ⊥ and ║ polarisation. The error on V output , σ(V output ), was determined from the statistical random variation of V output,100 collected from the photodiode 2 circuitry (Fig. 1 ) and the estimation of the proportional factor F between different sensitivity levels of photodiodes themselves as the signal at photodiode 2 was measured with a sensitivity of 100 mV/µA whereas the signal at photodiode 1 was measured with a sensitivity of 10 mV/ µA. σ(V output ) could then be calculated using Eq. (8):
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The statistical random variation of V output,100 is caused both by noise of the circuitry and power fluctuations of the laser and was determined by monitoring bond reflection power at 45° angle of incidence over a representative period of 20 minutes at both polarizations and repeated on several different days. It was calculated to be σ(V output,100 ) = 0.20 mV and independent of polarization. Factor F was determined by measuring a large range of light powers at both 10 mV/ µA and 100 mV/ µA and repeating this on several days. It was found that F = 10.12 and σ(F) = 0.49.
The error on V input , σ(V input ), was obtained from the deviation from the linearity between voltages measured for both detectors for different light powers, and it was estimated to be 21.99 mV for ⊥ and 116.18 mV for ║ polarisation. The different order of magnitude between the two polarisations is due to the greater uncertainty in measuring the voltages collected from the photodiode 1 circuitry as the intensity of the light reflected from the uncoated glass plate (Fig. 1) is much lower for ║ polarisation than for ⊥ polarisation.
The setup as described here based on these calculations had a sensitivity of reflectance levels down to 2⋅10 −5 (or 0.002%), though at these levels other effects such as stray light become dominant.
Analysis results: refractive index and thickness
In the analysis of the data the following values were used:
• Each of the two discs has refractive index n 1 of 1.48 and thickness d 1 of 0.5 cm. The value of 1.48 ± 0.01 was obtained experimentally from measurements of Brewster's angle for the substrates ( , where the index of the air n 0 is approximated by 1).
• The grid of values for the bond layer (n 2 and d 2 ) was set, where the bond refractive index varied with 0.001 steps between 1.30 and 1.48 (not less than water (roughly), not more than fused silica), and the bond thickness between 0 nm and 700 nm with 1 nm steps. In Fig. 8 an example is shown for the results obtained for measurements of reflectivity carried out at the position marked 'L' on the sample: on the left of the figure, the three confidence levels of probability obtained from the Bayesian analysis at one specific curing time, and on the right, the comparison between experimental data and theoretical model for both polarisations of the incident light. From the confidence levels of probability, the constraints on parameters can be obtained and, in this case, are found to be consistent with a model where n 2 and d 2 are, respectively, (Fig. 8, left) . In Fig. 9 , the refractive index n 2 (top diagram) and thickness d 2 (bottom diagram) values, obtained from Bayesian likelihood analysis of each reflectivity measurement, are plotted as a function of the curing time for the three positions (see Fig. 4 ). For some data points two solutions were found one of which (filled data points) had a higher probability than the other (unfilled data points). This is due to the fact that the cosine function in the Eq. (2) can have more than one solution. As can be seen in the Fig. 9 this has a larger effect on the bond thickness than on the refractive index as the two solutions found for refractive index generally overlap whereas the two solutions found for bond thickness can be very different.
The top diagram in Fig. 9 shows an increasing trend of the refractive index for all three measurement locations starting at around n 2 equalling 1.37 at 4 days of curing and steadily increasing to 1.44 ± 0.01 at 98 days of curing. These results are in agreement with logical expectations: as the byproduct of the chemical reaction in hydroxide-catalysis bonding, water, migrates out of the bond (through evaporation or absorption into the bulk material) the silicate will become denser and more like fused silica.
The refractive index of the bonding solution (at the time of bonding) was measured to be 1.344 ± 0.001 (using minimum deviation refractometry [36] ) which is just below the value found for 4 days of curing.
Note that, for the 'R' position, the values of n 2 at 94 and 98 days of curing drop, which are also characterised by greater error bars. These values are less accurate than the other measurements due to the reflectance levels approaching the setup sensitivity. The thickness of bond in three different positions does not have as well-defined a trend particularly because the data point with highest probability in some cases swaps between two apparent trend lines. This is particularly noticeable for position 'R'. However, it is possible to infer that bond thickness decreases rapidly (or changes rapidly in location 'L') in the first four weeks and then settles on a constant value (Fig. 9, bottom) , different for each position, which can be influenced by the surface figure mismatch of the two bonding surfaces. This is in agreement with the dehydration phase of hydroxide-catalysis bonding: the water, created during the polymerisation, migrates or evaporates in time until a strong and durable bond is formed.
The analysis of flatness maps shows minimum bond thickness ranging from 80 nm in positions 'C' and 'L' to 110 nm in position 'R', whereas the analysis suggests that the thickness after curing ranges between 140 in position 'R' and 300 nm in location 'L' and 'C' suggesting that the bond thickness is in the same order of magnitude as the derived minimum bond thickness, but that it is not necessary determined (fully) by the conformity of the substrates bonded together. This is consistent with destructive thickness measurements acquired by slicing and polishing other samples, coating them with a very thin layer of gold and imaging them using atomic force microscopy (AFM) or scanning electron microscopy (SEM) which were polished to nominally 60 nm peak-to-valley. These have previously found thicknesses between 40 and 200 nm. Individual measurements were accurate to ± 20 nm and thickness values varied across the sample [20, [24] [25] [26] .
Conclusions
In this paper a powerful and non-destructive technique was outlined for determining the refractive index and thickness of a bond using measurements of optical reflectivity. With Matlab software using Bayesian likelihood analysis and the mathematical model of the reflection of a bond layer between two homogeneous and non-polarising substrates which takes into account thin film interference, the most likely values for bond refractive index and thickness can be extracted from reflectivity data if the refractive index and thickness of the substrate are known.
More specifically, a setup to measure the reflectances of ⊥ and ║ linearly polarised incident light of a green laser diode module was realised. The reflectances from the bonded interface between two fused silica discs, jointed using sodium silicate solution, were investigated.
These measurements, together with the realisation of a theoretical model and software based on the Bayesian analysis, have allowed the gain of information not only on the intensity of the light that is reflected from a bonded interface, but also on the refractive index and thickness of the bond in different locations.
It was found that the reflectivity decreased (after initial settling) to less than 1·10 −3 at which point limitations to the sensitivity of the setup were reached. This is in agreement with the value obtained by Sinha: he measured reflections from a silicate bond at normal incidence between fused silica parts to be less than 7.08·10 −4 [18] . The refractive index was shown to increase with time from 1.36 to 1.45 approaching that of fused silica. This is in line with expected values.
The levels of reflectivity found here are very low, which is what would be required in transmissive parts of e.g. laser gain media which confirms that hydroxide-catalysis bonding is indeed a highly interesting jointing candidate for optical applications. Also, the fact that the refractive index approaches that of the fused silica, explains why the reflectivity becomes so low and it provides scope for tailoring the refractive index of bonds between a variety of materials.
The bond thickness was shown to decrease rapidly in the first four weeks, to then settle down at a constant value. The values found are more ambiguous due to multiple possible solutions for δ 2 (in which d 2 appears; see Eq. (5)). However thickness values are in the same range or slightly larger as the flatness measured for the substrates, which is in line with what has been seen when doing destructive SEM imaging of bonds [20, [24] [25] [26] . The optical method shown in this paper for determining bond thickness is highly attractive as it is nondestructive. In applications like e.g. the mirror suspensions of interferometric gravitational wave detectors this may allow for in situ non-destructive measurements of the bond thickness which would highly improve the accuracy of the calculation of the thermal noise introduced by the bonds.
The ambiguity of the thickness could be solved by improving the sensitivity of the reflectivity setup further and taking reflectivity measurements at multiple optical wavelengths. 
